Crucial Importance of Protein-Solvent Many-Body Correlation for Solvent-Entropy Effect in Structural Stability of a Protein  by Oshima, Hiraku & Kinoshita, Masahiro
Wednesday, February 19, 2014 663aimmune system. The stability of the interaction between MHC class I and pep-
tide is governed by length and sequence of the peptide. The carboxyl and amino
termini of the peptide make a significant contribution to binding energy by
forming networks of hydrogen bonds. In addition, the carboxy terminal side
chain of the peptid serves as an anchor residue in all the known MHC class I
alleles, i.e., it binds into a pocket at the bottom of the binding site.
We show here that the binding of the carboxyl terminus of the peptide has a
strong influence on the dynamics, binding energy, folding, peptide affinity
and stability on the cell surface of two MHC class I mouse allotypes. Molecular
Mechanic/ Poisson-Boltzmann Surface Area (MM-PBSA) and potential mean
force (PMF) analysis demonstrate that binding of the the carboxy terminus
causes a decrease in the peptide free binding energy to MHC class I. This is
verified in vitro by thermal denaturation by tryptophan fluorescence (TDTF)
and Fluorescence anisotropy (FA) assays, which show a considerable decrease
in the thermal stability and peptide binding affinity of C-terminally truncated
peptides to class I. Such truncated peptides are also much less efficient in sta-
bilizing MHC class I at the cell surface.
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b-lactmases, the enzymes produced by some bacteria, are responsible for the
primary mechanism of resistance to b-lactam antibiotics, the most common an-
tibiotics in commercial use. Earlier study has resurrected a series of ancient
Class A b-lactmases in the laboratory. It showed that those 2-3 Gyr-old b-lact-
mases could degrade a variety of antibiotics in vitro with similar levels of
catalytic efficiency, suggesting that b-lactmases evolve from substrate-
promiscuous generalists to specialists. However, all those ancient b-lactmases
adopt the same fold as the modern enzyme, especially at the catalytic sites.
Here we propose that the enhanced substrate-promiscuity originates from pro-
tein dynamics. We investigate the differences in conformational dynamics of
diverged b-lactmases through MD simulation and quantify the contribution
of each residue site to functionally related dynamics through Dynamic Flexi-
bility Index (DFI). The statistical clustering of the DFI pattern is later obtained
through Principle Component Analysis (PCA). Strikingly, our result shows that
those 2-3 Gyr-old b-lactmases are clustered together and far away from the
modern enzyme in the principle subspace. This dynamic analysis also identifies
those sites affecting dynamics the most that may play a critical in functional
evolution of b-lactmases.
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In order to understand how enzymes work it is required to know about its
conformational landscape, its enzymatic state or interaction with the substrate
or product, and the exchange times between conformations and enzymatic
states. Experimentally this is extremely challenging because it requires to sam-
ple over large time domains, as well as resolving low transiently populated
states. Using a hybrid approach involving multiparameter fluorescence spec-
troscopy, multiscale computer simulations and mutagenesis we are able to
map the conformational landscape involving three conformational states (C1,
C2, and C3) that are sampled from ns to ms. Furthermore, we present a state
matrix that links the enzyme state of the bacteriophage T4 (T4L) as it follows
a Michaelis-Menten like formalism. In all we identify T4L as a three state sys-
tem linking each of the fundamental steps in enzyme function: Substrate bind-
ing in C1, catalysis in C2, and product release in C3. We validate the
conformational state C1 against the crystallographic structure with identifica-
tion code in the protein data bank (PDBID) 172L with an accuracy of 1.8 A˚
RMSD and 2s precision of 0.6 A˚. The C2 agrees very well with the PDBID
148L with an accuracy of 2.1 A˚ RMSD and 2s precision of 0.9 A˚. The confor-
mational state C3 has not been identified before and has a 2s precision of 2.6 A˚.
Our findings for T4L demonstrate that a fine-tuned shift of conformational
equilibrium leads to motions of active cleaning where the energies of substrate
binding and product formation drive the conformational equilibrium. The
directionality of the overall process is manifested by the free reaction enthalpyof the glycosidic bond cleavage. In all, our work highlights the potential of our
hybrid approach to observe thermally accessible, low-populated intermediates
with high spatial and temporal resolution.
Protein-Solvent Interactions: Water, Ions,
Lipids, and Crowding
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Solute permeation in the aquaporin family is governed via a diverse selection of
mechanisms. Extrinsic regulators, such as changes in environmental pH condi-
tions or covalent modifications, such as phosphorylation, are known to provide
means for the channel to modify its permeability. These mechanisms are
responsible for enabling biological organisms, at a cellular level, to fine tune
their responses to osmotic changes that take place in their environment.
Also, it has been experimentally observed that the members of Aquaporin pro-
tein family demonstrate strong specificity for their solutes and yet are respon-
sible for a permeation of a variety of substrates such as water, glycerol and
ammonia. The molecular details underlying the permeation specificity of these
substrates are not wholly understood.
Computational molecular dynamics can be used to study the intricacies
involved in these regulatory functions at atomistic level. Simulations can pro-
vide valuable insights into how aquaporins control their specificity and perme-
ability, as well as means to facilitate the flexibility of their permeates. We apply
Functional Mode Analysis (FMA) and Principal Component Analysis (PCA) to
identify the structural states as well as highly correlated dynamic modes that
contribute to the regulation of the permeation in Aquaporins. These methods
can also be used to provide input to experimental studies to validate the results
of such computational investigations. Here we study a diverse array of aqua-
porin family proteins to create theoretical models in order to complement
empirical observations of solute specificity and the gating of the aquaporin
channels.
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The Poisson-Boltzmann (PB) formalism is one of the most popular approaches
to modeling the solvation of molecules. It assumes a continuum model for wa-
ter, leading to a dielectric permittivity that depends on regions of space (inside
or outside the solute). In contrast, the dipolar Poisson-Boltzmann-Langevin
(DPBL) formalism follows a grid-based approach where the solvent is repre-
sented as a collection of freely orientable dipoles with nonuniform concentra-
tion [1]. This leads to a nonlinear permittivity function that depends both on the
position and on the local electric field at that position. In practice, solving the
modified PB equation in the DPBL formalism yields density maps for water (di-
poles) and salt (ions). We illustrate here how these maps can be used to help in
the analysis of both low- and high-resolution structural X-ray data. As for the
former, we implemented a program, AquaSAXS [2], available as a web server,
which uses the solvent density map to represent the hydration layer of a given
protein atomic model. This approach improves the model where the hydration
layer is defined as a constant layer on the surface. As for the latter, we will pre-
sent how this approach is suited for electrostatics studies of solvation in
confined geometries. In particular, its application to the study of pentameric
ligand-gated ion channels helped proposing a plausible ion permeation mech-
anism [3].
[1] Koehl and Delarue (2010) J Chem Phys 132(6) - 064101.
[2] Poitevin et al (2011) NAR 39 - W184-9.
[3] Sauguet, Poitevin, Murail et al (2013) EMBO J 32(5) - 728-41.
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Using a hybrid method of the integral equation theory and the morphometric
approach, we have shown that the solvent-entropy effect originating from the
664a Wednesday, February 19, 2014protein-solvent many-body correlation plays essential roles in the protein-
folding mechanism [1], sugar-induced enhancement of the thermal stability
[2], and pressure [3] and cold [4] denaturating of a protein. Here we revisit
the roles of the many-body correlation in a variety of folding/unfolding pro-
cesses to investigate the effects of solvent models on the contributions from
the pair and many-body correlations to the solvent-entropy change upon a pro-
tein structural transition. We employ the two models of one-component sol-
vent: a multipolar model for water and a hard-sphere solvent where the
number density and the molecular diameter are set at those of water. In the
model water the contribution from the many-body correlation is substantially
larger than that from the pair one, whereas in the hard-sphere solvent the
many-body correlation makes only a much smaller contribution. This result
suggests that solvent-solvent interactions such as hydrogen bonds have large
effects on the relative contributions from the two correlations. In the hard-
sphere solvent, the native structure remains the most stable even at low temper-
atures and the swelling (i.e., pressure-denatured) structure is more stable than
the native structure even at normal pressure. However, in the binary mixture
of hard spheres with high packing fractions, which we have employed for
investigating the sugar-induced enhancement, the many-body correlation
makes a suitably large contribution.
[1] T. Yoshidome et al., J. Chem. Phys. 128, 225104 (2008).
[2] H. Oshima and M. Kinoshita, J. Chem. Phys. 138, 245101 (2013).
[3] Y. Harano et al., J. Chem. Phys. 129, 145103 (2008).
[4] H. Oshima et al., J. Chem. Phys. 131, 205102 (2009).
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Recently, we have elaborated a thermodynamical theory that could coherently
interpret the apparently diverse effects of Hofmeister ions on proteins, based on
a single physical parameter, the protein-water interfacial tension (De´r et al.,
Journal of Physical Chemistry B. 2007, 111, 5344-5350). This theory, implying
a sort of "liquid drop model", predicts changes in protein conformational fluc-
tuations upon addition of Hofmeister salts (containing either kosmotropic or
chaotropic anions) to the medium.
Despite the success of the theory in describing the diversity of Hofmeister phe-
nomena, a direct evidence for salt-induced changes of protein-water interfacial
tension correlated with the Hofmeister series has been still missing, because of
technical difficulties. In the framework of the present study, we addressed this
point by a molecular dynamics (MD) approach. MD calculations on the
temperature-induced unfolding of Tryptophan cage miniprotein were per-
formed, using explicit water molecules to model the surroundings of the pro-
tein. Changes of the protein structure and dynamics upon increasing the
ambient temperature were monitored in the presence and absence of typical
kosmotropic and chaotropic salts. It was established that salt ions change the
level of conformational fluctuations of the miniprotein according to their posi-
tion in the Hofmeister series. From equlibrium fluctuations of the solvent acces-
sible surface area of the protein, the mean value of protein-water interfacial
tension was determined. The results present a strong evidence for the central
role of fluctuations and solute-water interfacial tension in protein-related Hof-
meister phenomena.
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Bulk water mobility is mainly determined by hydrogen bonds to neighboring
water molecules. Mobility of confined water may be very different, espe-
cially when the hydrogen bonds are scarcely formed inside a protein and/
or are geometrically distorted due to the position of the amino acids. Here
we assessed intra-proteinaceous water mobility in terms of the water diffu-
sion coefficient D by exploiting the fact that D governs the unitary perme-
ability pf of water channels [1]. We measured the per-channel increment in
proteoliposome water permeability [2], which was determined in a broad
range of channel concentrations by the aid of stopped-flow experiments.
Via fluorescence correlation spectroscopy, both the number of proteolipo-
somes and the number of protein-containing micelles were counted after sol-
ubilization, providing the number of reconstituted fluorescently labeledhuman aquaporin-1, bacterial aquaporin-Z, or bacterial aquaglyceroporin
GlpF per proteoliposome. For all three proteins, pf exceeded previous esti-
mates by more than an order of magnitude indicating that the intra-
proteinaceous D is much larger than D of bulk water. The result suggests
that in silico modeling of confined water may be more challenging than
thus far imagined.
[1] Saparov et al. Phys.Rev.Lett. 96 (14):148101, 2006.
[2] Hoomann et al. Proc.Natl.Acad.Sci.U.S.A. 110 (26):10842-10847, 2013.
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Dyneins are large microtubule motor proteins that play important roles in
various biological movements. Cytoplasmic dynein is responsible for cell di-
vision, cell migration and other basic cellular functions. The motor domain
of dynein consists of a ring-shaped six ATPases called AAAþ modules.
Recently, ADP-bound high-resolution structures of cytoplasmic dynein
have revealed the organization of the motor domain that comprises the
AAAþ ring, the linker, stalk/strut and C sequence (PDB IDs = 3vkh and
3vkg). However, the high-resolution structure of an ATP-bound dynein re-
mains unclear. Here, we carried out molecular dynamics (MD) simulations
of both ADP and ATP-bound forms to examine their structures and dy-
namics. We built initial structures for MD as following. A high resolution
structure (3vkg), which is a truncation mutant, was chosen. Then, we
modeled missing residues and added a truncated domain from the wild
type structure (3vkh). Four ADP molecules were placed to their original po-
sitions in the ADP bound form. One of ADP molecules in the AAA1 module,
which is important for dynein function, was replaced to ATP in the ATP-
bound form. A rectangular water box was placed around dynein. Finally,
the systems consisted of approximately one million atoms. Electrostatic in-
teractions were treated with the zero-dipole summation method, and their
computations were accelerated by using GPGPUs. We carried out 200-ns
MD simulation in each form, and investigated the effect of ATP on the struc-
ture and dynamics of dynein by comparing the trajectories between the ADP-
and ATP-bound forms. The stalk of the ATP-bound form was more flexible
than that of ADP-boud form. We observed directional fluctuation in the
N-terminal subdomain of linker of the ATP-bound form. Interestingly, it
coupled with the stalk motion along microtuble axis by principal component
analysis for the MD trajectory.
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X-ray crystallography has been the gold standard for the determination of
protein structures. Other than providing the definition of the positions for
each atom, it also yields information on protein dynamics but this aspect
has been under appreciated. The B-factors in high-resolution structures are
anisotropic and reflect not only the amplitude but also the direction of the
atomic vibrations. This trove of information on protein dynamics presented
by experimental anisotropic B-factors (or anisotropic displacement param-
eter, ADP) is invaluable for the study of the intriguing relationship among
structure, dynamics, and function. Here starting from the definition of
atom positions, we apply normal mode analysis (NMA), a computational
approach for studying protein dynamics, to predict the ADPs and then align
them with experimental measurements. We use both coarse-grained NMA
approaches and the NMA based on canonical all-atom force fields. By
comparing the accuracy of these methods, we find that the all-atom NMA
and the NMA based on portioning the all-atom Hessian matrix give the
best results. Moreover, adding a layer of explicitly treated water molecules
on protein surface consistently makes the energy minimized structure closer
to the native structure and improves the accuracy of the ADP results. The
above observations could be attributed to the significant impacts on protein
dynamics by surface water and the intrinsic differences in physical-
chemical properties from bulk water. This study illustrates the importance
of incorporating surface water in the study of protein dynamics and provides
useful information for the emerging technique of ADP-based refinement of
medium-to-low resolution structures.
